Abstract-The heterogeneous composition, collagen fiber organization and mechanical properties of the supraspinatus tendon (SST) offer an opportunity for studying the structurefunction relationships of fibrous musculoskeletal connective tissues. The objective of this study was to evaluate the contribution of collagen fiber organization to the planar tensile mechanics of the human SST. This was accomplished by fitting biaxial tensile data with a structural constitutive model that incorporates a sample-specific angular distribution of nonlinear fibers. Biaxial testing was employed to avoid the limitation of non-physiologic traction-free boundary conditions present during uniaxial testing. Samples were tested under a range of boundary conditions with simultaneous monitoring of collagen fiber orientation via polarized light imaging. The experimental data were input into a hyperelastic constitutive model incorporating the contributions of the uncrimped fibers. The model fit the longitudinal stresses well and was successfully validated. The transverse stresses were fit less well with greater errors observed for less aligned samples. Additional strain energy terms representing fiber-fiber interactions are likely necessary to provide closer approximation of the transverse stresses. This approach demonstrated that the longitudinal tensile mechanics of the SST are primarily dependent on the moduli, crimp, and angular distribution of its collagen fibers.
I. INTRODUCTION
Identifying tissue structure-function relationships aids in understanding the etiology of degenerative disease, developing effective tissue engineering designs, and predicting outcomes of tissue repair. The heterogeneous collagen fiber alignment and tensile properties of the human supraspinatus tendon (SST) offer an opportunity for studying such relationships in fibrous musculoskeletal connective tissues [1, 2] . Previous uniaxial testing has shown that higher fiber alignment is associated with greater longitudinal tensile moduli, whereas regions with less alignment exhibit higher moduli transverse to the tendon axis, with some regions displaying near planar isotropic behavior [2, 3] . However, planar tissue mechanics are more appropriately characterized by biaxial tensile testing, which avoids the limitation of nonphysiologic traction-free boundary conditions present during uniaxial conditions [4] . Fitting biaxial data with a structural constitutive model permits evaluation of the relationship between collagen fiber orientation and planar tissue mechanics of the SST under near-physiologic loading conditions. The objective of this study was to evaluate the contribution of collagen fiber organization to the planar tensile mechanics of the human SST by fitting biaxial tensile data with a structural constitutive model that incorporates a samplespecific angular distribution of nonlinear fibers. We hypothesized that the measured levels of both longitudinal and transverse stresses will be correlated with the angular distribution of collagen fibers and that the model will successfully capture the relationship between mechanical anisotropy and fiber organization.
II. MATERIALS AND METHODS

A. Sample Preparation
Similar to the protocol of Lake et al. [2] , seven 10x10x0.4 mm 3 samples were cut from each of three regions of the SST (anterior, posterior, and medial) with their edges parallel and perpendicular to the tendon longitudinal axis. Sample thickness was measured with a non-contact laser device. Sandpaper tabs were glued to each edge of the sample. Brass markers were applied to each tab for calculation of Lagrange grip-to-grip strains. Speckle coating was applied to the tissue surface for calculation of tissue strains via texture correlation.
B. Biaxial Testing
All samples were tested in a custom biaxial tensile tester [4] via grip-to-grip strain control at a constant rate of 0.002 s -1 , with the sample immersed in a bath of room temperature phosphate-buffered saline (PBS). Crossed linear polarizers were placed above and below the sample in order to measure its collagen fiber organization [2] . For each sample, a linearregion stress limit was determined via real-time monitoring of the slope of the stress-strain response during a longitudinal strain ramp with the transverse direction held fixed.
Testing consisted of: 1) determining a linear-region stress limit for preconditioning, 2) preconditioning for 5 cycles, 3) determining a new linear-region stress limit for data collection, 4) unloaded recovery for 1 hour to establish the unloaded zero-strain reference state, 5) four data collection tests (each consisting of 5 cycles) with the following strain ratios (longitudinal:transverse), 1:0, unloaded, 1:0, 4:1. For the unloaded test, the transverse direction was allowed to contract freely.
C. Model Fitting
A hyperelastic constitutive structural model similar to a formulation published by Sacks [5] was fit to the experimental data. The model consisted of a planar von Mises distribution of crimped fibers [R(θ)], whose shape was determined by fitting the fiber angle distribution measured via polarized light. A Gamma distribution ) 1 ( − λ c G was used to represent the fiber uncrimping stretch, which is described by a mean 
where N is the unit vector in the direction of θ, F is the deformation gradient, and λ is the tissue stretch along N. The model parameters were obtained by simultaneously fitting the stresses and tissue strains from the final cycle of the unloaded and 4:1 protocols. The model was validated by using these parameters to predict the stress response of the second 1:0 test.
D. Data Analysis
The spread of the measured fiber alignment at zero-strain was described by a circular variance, with larger values indicating less alignment. The relative magnitude of the transverse stress response was quantified by the ratio of the maximum transverse to maximum longitudinal stress (σ ratio ) from the 4:1 test. Correlations of circular variance with the longitudinal linear-region modulus of the unloaded test and with σ ratio were evaluated by a non-parametric Spearman rank correlation coefficient (r s ).
III. RESULTS
The longitudinal linear-region modulus of the unloaded test was negatively correlated with circular variance (r s = -0.61, p<0.01; Fig. 1A) . Additionally, the σ ratio was positively correlated with circular variance (r s = 0.71, p<0.001; Fig. 1B) , indicating that the less aligned samples produced a greater transverse stress response. Excellent fits of the structural model to the longitudinal direction stresses were observed, with median R 2 values of 0.97 for parameter estimation (model parameters shown in Table 1 ). Model validation using the 1:0 test was equally successful, with median R 2 values of 0.96. For the transverse direction, the fits produced median R 2 values of 0.50 for parameter estimation and 0.53 for validation.
IV. DISCUSSION
This study evaluated the contribution of collagen fiber alignment to the planar tensile mechanics of the supraspinatus tendon. In agreement with our hypothesis, there was a clear correlation between fiber organization and the transverse and longitudinal stresses. While samples with less fiber alignment (higher circular variance) exhibited lower longitudinal linearregion moduli (Fig. 1A) , they produced greater transverse direction stresses in response to biaxial deformations compared to samples with higher alignment (Fig. 1B) . These results support the importance of collagen fiber organization to tissue mechanics and demonstrate that regions of the SST are capable of supporting large stresses applied perpendicular to the tendon's longitudinal axis. The structural model was successful in fitting the longitudinal stresses and in describing the structure-function relationship between fiber alignment and longitudinal mechanics. R 2 values near unity were obtained for the fits of the longitudinal stresses for all mechanical protocols, including the 1:0 test used for model validation, which demonstrates the predictive success of the model. The success of this model, which only incorporates fibers with an observed angular distribution, suggests that the longitudinal mechanics of the SST primarily depend on the moduli, crimp, and angular distribution of the collagen fibers.
The model fits of the transverse stresses, in contrast to the longitudinal direction, were relatively poor (R 2 ~ 0.5). Terms that represent fiber-fiber interactions, such as collagen fiber entanglements, may be necessary to account for the transverse stresses. Non-continuum approaches (such as fiber network models [6] ) may also be helpful by relaxing the requirements of a spatially homogeneous fiber distribution, homogeneous tissue deformations, and affine fiber kinematics.
In conclusion, this study isolated the contributions of collagen fiber orientation, modulus, and uncrimping strain to the tissue-level planar mechanics of the SST. Knowledge of such structure-function relationships aids in understanding the etiology of degenerative disease, developing effective tissue engineering designs, and predicting outcomes of tissue repair.
